A series of formate (methyl through butyl) and acetate (methyl through pentyl) esters have been protonated in the gas phase by the Brgnsted acids H3+, N2H+, C02H+, N20H+, and HCO+. Carbonyl oxygen protonation is 87-97 kcal mol-' exothermic for H,+ and 47-57 kcal mol-' exothermic for the weakest acid HCO+, permitting a study of the effect of protonation exothermicity on the decomposition modes of the protonated esters. With the exception of protonated methyl formate, three decomposition modes, (a) to (c) are observed.
Introduction
Since the original survey (1) of the chemical ionization (CI) mass spectra of esters, there have been numerous investigations (2-7) designed to elucidate details of the dissociation reactions occurring following proton transfer to esters in the gas phase. It has been established clearly that there are three main fragmentation modes, reactions [I] to P I .
[I] R'C0,R. H+ -, R'C=O+ + ROH Reaction [I] , involving formation of the acylium ion by acyl carbon-oxygen bond cleavage, and reaction [2] , involving formation of the alkyl carbonium ion by alkyl carbon-oxygen bond cleavage, are analogous to the AAcI and AAII mechanisms for fragmentation of esters in concentrated acid solutions (8) . Reaction [3] has no direct solution analogue.
The factors which determine the competition between these three channels in the gas phase have not been established clearly. In general, reaction [I] appears to be of lesser importance in the gas phase than in solution, possibly (6, 7) because it requires formation of the energetically less favourable ether oxygen-protonated ester. Alternatively, it has been suggested (7) that the ether oxygen-protonated species may fragment in the gas phase preferentially to form the protonated acid (reaction [3] ) through formation of a six-membered cyclic transition state (reaction [4] ). However, for propyl esters at least, it has been shown (6) that the hydrogen transferred from the alkyl group is not specifically the P-hydrogen as required by the proposed mechanism. From a detailed study of the Hz and CH, CI mass spectra of a series of formate esters, Harrison and Tsang (5) concluded that the relative importance of the fragmentation reactions of protonated formates was not determined by the relative enthalpies of decomposition of ground state HC02R. Hf but rather was determined by the relative fragmentation rate coefficients averaged over the appropriate internal energy distribution of the excited HC02R.Hf ions formed in the protonation reaction.
In electron impact studies a valuable approach in elucidating the factors controlling the competition between decomposition channels has been that of varying the average internal energy of the fragmenting species (9-1 1); it appeared that a similar approach should prove equally fruitful in chemical ionization systems. Recent work in this laboratory (12.13) has shown that the protonation exothermicity 'and, thus, the average internal energy of the protonated species, can be varied over a significant and useful range by using the family of protonating agents XHf, where X = Hz (101), N2 (117), CO, (129), N 2 0 (137), and CO (141); the numbers in brackets give the proton affinities of X in kcal mol-' (14) and show that the protonation exothermicity can be varied by -40 kcal mol-l. The present work reports a detailed study of the effect of reaction exothermicity on the CI mass spectra of formate and acetate esters using this family of protonating agents. A similar study of a few selected esters using the flowing afterglow method has been reported recently (7) .
Experimental
The chemical ionization mass spectra were obtained using a DuPont 21-490 mass spectrometer equipped with a high pressure chemical ionization source. The source temperature was -60°C and the ionizing electron energy 70eV, with the repellers at cage potential. The liquid samples were introduced through a heated inlet system held below 100°C. Reagent gas pressures were not measured directly but were estimated to be 0.2-0.3 Torr. The mass resolution of the instrument is sufficient to resolve the C2H,0+-C3H,+ doublet at mlz 43.
The H3+ reactant ion (X = Hz) was produced in pure Hz. As described elsewhere (12, 13) the N2H+, C02H+, N,OH+, and HCO+ reactant ions were prepared by electron impact ionization of the appropriate gas X (-10%) in Hz. Except for the N,O/H, mixture the relevant XH+ ion was the only significant ion in the reagent gas mass spectrum; in the N,O/H, system -10-15% of the total ionization was found as NO+. As is evident from the results presented in the following section the NO+ ion reacts with the esters primarily by addition to give the M.NO+ complex.
Reagent gases were of highest possible purity (Matheson and Co.) while the esters were either commercial samples of high purity or were prepared by standard procedures. Ethyl-d, formate was obtained from Merck, Sharp, and Dohme, Montreal.
Results and Discussion Some general observations are in order to set the stage for the discussion of the chemical ionization results. The proton affinities reported (15) for formate and acetate esters range from 188kcal mol-I for methyl formate to 198 kcal mol-I for n-propyl acetate; both refer to protonation at the carbonyl oxygen, the proton affinity of the ether oxygen being 11 to 22 kcal mol-I lower depending on the ester (16). Thus carbonyl oxygen protonation of the esters by ground state H,+ is 87 to 97 kcal mol-I exothermic, while protonation by ground state HCO+ is 47 to 57 kcal mol-' exothermic. In addition it is likely that the reagent ions in our system are not completely thermalized, making the protonation exothermicity even larger. The fraction of this reaction exothermicity which remains with the protonated molecule is not known, although arguments have been presented (12) from a detailed study of the protonation of C3H60 isomers, that, on average, a large fraction, approaching unity, of the exotherrnicity is retained by the product ions.
As discussed previously (12) , the fragmentation of these excited ions (reaction [5] ) is in competition with collisional stabilization (reaction [6] total pressures applicable in the present study, and assuming that a single collision with M is sufficient to stabilize RH+* to below the decomposition threshold, k6[M] = 1 x 107s-I. Thus the fragmentation reactions observed as reaction [5] correspond to those with rate coefficients, k,, equal to or greater than 107s-I. This is significantly higher than the threshold rate coefficients observed in electron impact mass spectrometry, particularly those observed as metastable ions (k -lO4-106s-I). This has important implications for the fragmentation reactions observed in chemical ionization mass spectrometry compared to those observed in electron impact mass spectrometry. The rate coefficient for the unimolecular decomposition of a gas-phase ion can be expressed in its simplest form (9-1 1) as where v is an energy independent term or frequency factor, E is the internal energy, S is the effective number of oscillators, and .so is the activation energy (referred to the ground state of the ion) for the reaction. It is well established (9-11) in electron impact studies that, at low internal energies, the relative rates of competing fragmentation reactions are determined largely by the relative activation energies, while at high internal energies the relative rates are strongly influenced by the energy independent term or frequency factor. In general, simple bond cleavage reactions have high frequency factors compared to those reactions which involve molecular rearrangement. Consequently, rearrangement fragmentation reactions cannot compete effectively with simple bond cleavage reactions at high internal energies and, normally, are observed following electron impact ionization because they have lower activation energies and, therefore, are dominant at lower internal energies. Similar considerations should apply in chemical ionization systems. Because, as discussed above, the average internal energy of fragmenting ions in CI systems is higher than in electron impact systems (especially for EI metastable ion studies), simple bond cleavage reactions should be favoured over rearrangement reactions. Further, as the average internal energy is increased by increasing the protonation exothermicity, the simple bond cleavage reactions should become increasingly favoured. These effects are observed in the results presented below. The discussion which follows relies heavily on thermochemical arguments. The heats of formation of the carbonyl protonated esters and acids were derived from the reported proton affinities (15) or proton affinities estimated from these data, while the heats of formation of the ether oxygenprotonated species were derived from the estimates (16) of the proton affinities of these species. The heats of formation of alkyl ions were taken from the work of Lossing and Maccoll (17) or estimated from these data by the method outlined by Bowen and Williams (18) . The remaining thermochemical data were taken from standard sources (19, 20) . The data used are summarized in the Appendix.
Chemical Ionization Mass Spectra of Formate Esters The chemical ionization mass spectra of the formate esters studied are summarized in Table 1 . The H, CI mass spectra are in satisfactory agreement with those reported earlier (5).
The major fragmentation reaction of protonated methyl formate involves formation of protonated methanol (reaction For personal use only. of 15 kcal mol-' for the carbonyl protonated ester but would be -5 kcal mol-' exothermic for the ester protonated at the ether oxygen. Despite these low AH0 values, the extent of fragmentation decreases rapidly with decreasing protonation exothermicity, with the CH30H2+ ion signal representing less than 20% of the total ionization in the N,/H2 CI system and less than 10% in the CO,/H, CI system, where the protonation exothermicity is still >60kcal mol-'. This rapid decrease in the extent of fragmentation with decreasing exothermicity of protonation implies either that the fraction of the exothermicity retained by HC0,-CH3.H+ is small or that the activation energy for fragmentation is considerably larger than the AH0.
The former explanation appears unlikely in view of the results obtained for the remaining esters and for other compounds (12,13) and we conclude that the latter explanation holds. The overall reaction forming CH30H2+ probably is best represented by [8a] involving hydrogen migration from the carbonyl ~ to the ether oxygen followed by bond cleavage accompanied by synchronous or near-synchronous proton transfer from the carbon to the developing methanol molecule (7, 21) .
H-C-OCH, + H--C+-----OCH, H
The initial step in this reaction has a AH0 of 20 kcal mol-I but probably has a considerably higher activation energy since the H transfer reaction is a [1,3]-symmetry-forbidden shift and such migrations have been shown to have an activation energy considerably in excess of the AH0 (22) . The ether oxygen-protonated form of the ester should have a much lower activation energy for fragmentation and it is possible that the small extent of fragmentation observed with weaker protonating agents represents fragmentation of this species.
In the CI of ethyl-d, formate, formation of C,D,0H2+ (mlz 52) is only a minor process even though this is the thermochemically favoured mode of fragmentation (AH0 = 12 kcal mol-I); this supports the contention that the activation energy for this rearrangement is considerably higher than the AH0. As observed previously (15), the major fragmentation reaction is [9] to form HCO,HD+; this fragmentation channel remains important (forming the base peak) even following protonation by HCO+. The alternative fragmentation [lo], forming C,D,+ by simple bond fission, has a much higher AH, (and presumably, activation energy) and consequently competes ineffectively with the rearrangement reaction of lower activation energy. However, it should be noted that the simple bond fission reaction becomes more important at higher average internal energies (cf. H2 CI), where the relative rates are more strongly influenced by frequency factors.
?H I \.? The CI mass spectra of both n-propyl and i-propyl formate are dominated, for all protonating agents, by the C3H7+ alkyl ion, with HC02H,+ being only 10-20% of the alkyl ion intensity. For i-propyl formate the AHO's, and, presumably, the activation energies, of the two reaction channels [ l l ] and [12] are very similar consequently, it is not surprising that the simple bond cleavage reaction [12] should dominate. The relative importance of the rearrangement reaction [ l l ] increases slightly as the average internal energy is decreased by using weaker protonating agents. For protonated npropyl formate, cleavage to form the n-propyl cation has a AH0 of -38 kcal mol-I, considerably higher than that for formation of HCO,H,+ (AH0 = 28 kcal mol-I) yet C3H7+ is the dominant fragment ion. oxygen-protonated species. More importantly, it would suggest that with deuterated reagent gases, which form HC02C3H7-D+ originally, the isopropyl cation produced should contain significant deuterium; earlier studies (5) of the D, CI mass spectra offormates show that there is practically no I deuterium incorporation in the C3H7+ product from either n-propyl or i-propyl formate. Finally, reaction [13] is a rearrangement at least as complex as The butyl formates examined all show extensive fragmentation, with C4H9+ the dominant fragment ion with all reagent gases. For protonated sec-butyl formate, formation of s-C4H9+ (AH0 = 24kcal molF1) is favoured over formation of HC02H2+ (AH0 = 26 kcal mol-I); consequently, dominant fragmentation by simple bond cleavage is to be expected. However, for the n-butyl formate and i-butyl formate, formation of the primary butyl cations (AH0 --40 kcal mol-I) is thermochemically unfavourable compared to formation of HC02H2+ (AH0 = 25 kcal mol-I). It appears that in these two cases fragmentation must be accompanied by [1, 2] -H shifts to form the more stable sec-butyl and tert-butyl structures respectively.
Chemical Ionization Mass Spectra of Acetates
The chemical ionization mass spectra of the methyl through butyl acetates are presented in Table 2 , while the CI mass spectra of some isomeric pentyl acetates are presented in Table 3 .
The only significant fragmentation channel for protonated methyl acetate involves methanol elimination to form the acetyl ion (mlz 43). The reaction. This simple bond cleavage reaction should not have an activation energy significantly greater than the endothermicity; consequently, assuming this mechanism, it is surprising that the acetyl ion is not more abundant in the CO,/H, CI system where the protonation exothermicity to form the ether oxygen-protonated species is 53 kcal mol-I. A likely explanation is that the major part of the acetyl ion arises by the route This route, involving initial formation of the thermodynamically favoured carbonyl protonated species, requires a symmetry-forbidden [1, 3] -H shift prior to fragmentation. The activation energy barrier for this step is undoubtedly much higher than the AH0 of -15 kcal mol-I or the overall AH0 of -37 kcal mol-'; such a high activation energy barrier would explain the strong dependence of the extent of fragmentation on the protonation exothermicity. The persistent CH3-CEO+ ion signal with the weaker protonating agents may represent a contribution from reaction [14] .
In the CI mass spectra of ethyl acetate the dominant fragmentation reaction involves formation of protonated acetic acid (reaction [16]), with minor formation of the acetyl ion (reaction [171); formation of C2H5+, the product of the AAI1 fragmentation (reaction [18] ), is observed with very low abundance in the Hz CI spectrum The relative fragment ion abundances are in agreement with the relative reaction endothermicities. The acetyl ion may arise, in part, by formation of the ether oxygen-protonated species and simple bond cleavage; this fragmentation reaction would have a AH0 of -22 kcal mol-I and, if it were a major route, should be more competitive with that leading to formation of protonated acetic acid. Thus it appears likely that the major route to acetyl ion formation is by fragmentation of the carbonyl protonated species, as discussed in detail for protonated methyl acetate.
Three fragmentation modes, reactions [19] to forming protonated acetic acid, has a considerably lower AH0 and, presumably, activation energy, than the other fragmentation reactions and the protonated acetic acid ion froms the base peak in all CI mass spectra. The C3H,+ and CH3-CEO+ fragment ions are of approximately equal intensity in all CI spectra and decrease in abundance relative to the rearrangement product CH,CO,H,+ with decreasing protonation exothermicity. Reaction [21] , as written, involves a symmetry-forbidden [1, 3] -shift and, as discussed above, the activation energy should be considerably higher than the AH0 and one would not anticipate that this reaction should be competitive with the other two reactions. However, the ether oxygen proton affinity of n-propyl acetate is only -12 kcal mol-I less than the carbonyl oxygen proton affinity (16) which would not be expected to have an activation energy significantly greater than the AH0. The formation of C3H7+ in the CI mass spectra of n-propyl acetate has a AH0 of -49 kcal mol-I (assuming n-C3H7+ formation) and should not be competitive withthe alternativefragmentations. It is probable that, here also, rearrangement to the i-propyl structure occurs. In addition, formation of alkyl ions by the AAll mechanism from the ether oxygen-protonated species is possible and would have AHO's -12kcal mol-I lower than those quoted for reaction [201.
The CI mass spectra of the four butyl acetates show an interesting dependence of the relative importance of the three fragmentation reactions [23] to [25] on the identity of the butyl group.
For tert-butyl acetate, formation of t-C4H9+ is favoured thermochemically (AH0 = 21 kcal mol-I) over formation of protonated acetic acid (AH0 = 29 kcal mol-I) or formation of CH3-C=O+ (AH0 -40 kcal mol-l) and C4H9+ is the dominant fragment ion in all CI mass spectra. For protonated sec-butyl acetate, fragmentation to form s-C4H9+ has a AH0 (-33 kcal mol-l) higher than that for formation of protonated acetic acid (AH0 = 25 kcal mol-I); as a consequence, CH3C0,H2+ is the base peak in all CI mass spectra. The C4Hqf ion is of appreciable intensity and increases In relative abundance with increasing protonation exothermicity, as expected for a simple bond cleavage reaction compared to a rearrangement fragmentation.
For both the n-butyl and i-butyl acetate systems fragmentation of the protonated ester to form the primary n-butyl or i-butyl cations would be much less favourable thermochemically (AH0 -47 kcal mol-l) than formation of protonated acetic acid (AH0 -25 kcal mol-I); nevertheless, C4H9+ is the base peak in all CI mass spectra of i-butyl acetate Can. J. Chem. Downloaded from www.nrcresearchpress.com by COLORADO STATE UNIV LIBRARIES on 09/05/15
For personal use only. and is of appreciable abundance in the CI mass spectra of n-butyl acetate. It appears likely that there is significant rearrangement to the tert-butyl and sec-butyl structures, respectively, during fragmentation of these protonated esters. These rearrangements can occur by relatively simple [1, 2] -H shifts in the developing cation. For all the butyl acetates there is significant formation of the CH3-CEO+ ion; this may represent fragmentation of the ether oxygen protonated species. The proton af-I finity difference between the carbonyl oxygen and the ether oxygen of esters decreases as the size of the ester increases (16) and one might expect more protonation at the ether oxygen as a result.
I
The CI mass spectra of the six pentyl acetates examined are summarized in Table 3 . The usual I fragmentation reactions, [26] to [28] , are observed.
In addition, in several cases extensive fragmentation of C5Hll+ is observed by the reaction channels, [29, [30] , and [3 11, established previously (13) .
The fragmentation of C5Hll+ ions produced by dissociative proton transfer to isomeric pentyl alcohols has been studied in detail (13) . It was I observed that the extent of fragmentation was greatest for C5Hll+ ions derived from primary I alcohols, less for C5Hll+ derived from secondary alcohols, and very slight for the C5Hll+ ion derived from tert-pentanol. As expected, the extent of fragmentation decreased as the protonation exothermicity decreased. These results were interpreted as indicating that there was negligible rearrangement to more stable alkyl structures prior to achievement of the critical reacting configuration which determined the energy partitioning between R+ and H 2 0 in the decomposition of ROH2+. In terms of the extent of further fragmentation of the C,H,,+ ions the present results for protonated pentyl acetates are in essential agreement with the results for the protonated pentyl alcohols. However, in terms of the competition between reactions [26] and [27] there is substantial evidence for alkyl ion rearrangement. This is illustrated most clearly in terms of the relative intensities for the CH3C02H2+ and C5Hll+ ions observed in the C02/H2 CI spectra summarized in Table 4 , along with the AH0 for formation of these ions from the ground state protonated ester. The AH0 values for C5H, ,+ formation have been calculated assuming an alkyl ion structure identical to the neutral alkyl moiety. For 2-pentyl acetate and 3-pentyl acetate the AH0 for formation of C5Hll+ is slightly larger than that for formation of CH3C02H2+ and we observe that the alkyl ion intensity is lower than that of the protonated acetic acid ion. For the secondary acetate, 3-methyl-2-pentyl acetate, the A H 0 values are very similar, yet the C5Hll+ ion is the dominant ion in the mass spectra. This strongly indicates a [1, 2] -H shift to yield the more stable tert-pentyl ion. Collin and Herman (25) have reported an activation energy of -2 kcal mol-' for this isomerization from studies of the protonation of 3-methyl-1-pentene in radiolysis experiments. Indeed, their results for the extent of fragmentation of C5Hl ,+ as a function of protonation exothermicity are in agreement with the present data. For the primary acetates the AHO's for formation of the respective primary alkyl ions are much larger than the AH0 for formation of CH,C02H2+, yet the alkyl ion intensities are as great as, or greater than, the CH3C02H2+ ion intensities. Clearly this unexpected result can on1 y be accommodated by assumCan. J. Chem. Downloaded from www.nrcresearchpress.com by COLORADO STATE UNIV LIBRARIES on 09/05/15
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, ing that rearrangement to a more stable secondary or tertiary alkyl ion occurs during fragmentation. The extent of formation of CH,-CEO+ is higher than one would anticipate for fragmentation of the carbonyl protonated species and formation of this fragment may represent an increased importance of protonation at the ether oxygen.
Thus, we are left with the apparent paradox that the energy partitioning between neutral and ionic fragments, as reflected in the extent of further fragmentation of the alkyl ions, supports a reac-
OH OH
tion model in which no significant rearrangement in the alkyl moiety occurs, while the competition between fragmentation channels indicates that rearrangement has occurred in the alkyl moiety. A possible resolution of this paradox is given by the detailed reaction model proposed in Scheme 1 for a primary alkyl acetate. As the alkyl carbon-oxygen bond lengthens, a critical state (or transition state) a is reached corresponding to an unrearranged alkyl ion bonded to neutral acetic acid largely by ion-dipole interactions (21) . The partitioning of the excess energy between the neutral acetic acid and alkyl ion appears to be determined at this stage. A simple [1, 2] -H shift in the alkyl ion leads to the secondary ion interacting with acetic acid by iondipole forces; this structure b, which will be more stable than a , may then undergo simple fission of the weak bond to acetic acid yielding the alkyl ion or may transfer a proton to acetic acid yielding the protonated acid and an appropriate olefin. Isotopic labelling studies (6) in n-propyl acetate show that the H transferred from the propyl group does not originate from a specific position of the alkyl group but may come from any position. It is possible that this proton shift may go through the intermediacy of c , a proton solvated by both the olefin and acetic acid (21) , which might be considered as an alternaCan. J. Chem. Downloaded from www.nrcresearchpress.com by COLORADO STATE UNIV LIBRARIES on 09/05/15
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